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The nonlocal theory of accelerated systems is extended to linear gravitational waves 
as measured by accelerated observers in Minkowski spacetime. The implications of 
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this approach are discussed. In particular, the nonlocal modifications of helicity- 
rotation coupling are pointed out and a nonlocal wave equation is presented for a 
special class of uniformly rotating observers. The results of this study, via Einstein's 
heuristic principle of equivalence, provide the incentive for a nonlocal classical theory 
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I. INTRODUCTION 

X 

In a recent paper the spin-rotation-gravity coupling has been worked out in detail for 
linear gravitational waves. In particular, it has been demonstrated that a plane monochro- 
matic linear gravitational wave of frequency u propagating in Minkowski spacetime has 
frequency u', 

j = 7 ( w =f20), (i) 

as measured by an observer rotating uniformly with frequency Q about the direction of 
propagation of the incident radiation. Here 7 is the Lorentz factor of the observer and the 
upper (lower) sign corresponds to positive (negative) helicity radiation. More generally, 

uj' = j(u — mfl), (2) 

where m = 0, ±1, ±2, . . . , is the total (orbital plus spin) angular momentum parameter in 



the case of oblique incidence 
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Equations (JTJ and (J2J) are the spin-2 analogues of similar results for electromagnetic ra- 
diation that have been discussed in detail in In Eq. (J2J), u' can be zero or negative. 
A negative u' cannot be excluded due to the absolute character of the observer's rotation. 
However, in the case of u)' — 0, there is no experimental evidence to suggest that a basic ra- 
diation field could ever stand completely still with respect to any observer. In the derivation 
of Eqs. (Ill) and (J2J), the standard theory of relativity based on the hypothesis of locality has 
been employed. A consequence of this assumption is that the gravitational wave could stand 
completely still for u = m£t in Eq. (J2J). For instance, by a mere rotation of frequency uj/2 in 
the positive sense about the direction of propagation of a normally incident positive helicity 
gravitational wave, the field becomes completely static in accordance with Eq. JT}. Under 
Lorentz transformations, however, a linear gravitational radiation field can never stand still 
with respect to an inertial observer; indeed, this is the case for all basic radiation fields. 
Generalizing this circumstance to all observers, a nonlocal theory of accelerated observers 
has been developed that goes beyond the hypothesis of locality and is consistent with all 
observational data available at present P, [J. Specifically, the nonlocal electrodynamics of 
rotating systems has been successfully tested indirectly via the agreement of the nonlocal 
theory's predictions with standard quantum mechanical results for the electromagnetic in- 
teractions of rotating electrons in the correspondence limit [2]. Moreover, the postulates of 
the nonlocal theory forbid the existence of a fundamental scalar (or pseudoscalar) radiation 
field in nature in agreement with observation. 

Let ip(x) be a basic radiation field in Minkowski spacetime and imagine an accelerated 
observer that measures this field as a function of proper time r along its worldline. Let \&(t) 
be the result of such a measurement. According to the hypothesis of locality, the accelerated 
observer is pointwise equivalent to an otherwise identical hypothetical momentarily comoving 
inertial observer. Let ipij). 



where A is a matrix representation of the Lorentz group, be the measured field according to 
the infinite set of such momentarily comoving inertial observers; therefore, the hypothesis 



relationship between \I/ and ip that is consistent with causality can be expressed as 



^(r) = A(t)V>(t), 



(3) 



of locality would require that \&(r) = V>(t). On the other hand, the most general linear 




(4) 
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for r > r , where r is the instant at which the acceleration is turned on. Equation (JH), 
which expresses the nonlocality of field determination by an accelerated observer, involves 
a weighted average over the past worldline of the observer and is thus compatible with the 
ideas put forth by Bohr and Rosenfeld J|. The kernel K must clearly vanish in the absence 
of acceleration. It follows from the results of Volterra and Tricomi |l| that the relationship 
between ip(r) and ^(r) is unique in the space of functions of physical interest. 

To ensure that a basic radiation field never stands completely still with respect to an 
accelerated observer, i.e. ^ is variable when ib is, we associate a constant ^ with a constant 
*. The V^IH^ unless t heo rem g 3 then excludes the po SsiMity th.t a 
constant \& could ever result from a variable ip. Our postulate thus implies the following 
integral equation for the kernel K 

A(r ) = A(r) + f T K(t, r')A(r')dr'. (5) 

J TO 



The solutions of this equation have been investigated in detail pilSj]. It turns out that the 
only acceptable solution is given by K(t,t') = fc(r'), 

k{T ) = -^A-H. (6) 

The consequences of this theory for nonlocal electrodynamics have been worked out in 
detail (2! [J. Moreover, k = for a scalar (or pseudoscalar) field, which is therefore always 
local and hence subject to the difficulty involving scalar (or pseudoscalar) radiation standing 
completely still with respect to certain rotating observers. It would be interesting to extend 
the nonlocal ansatz to linear gravitational waves in Minkowski spacetime and explore some 
of the consequences of the resulting theory. This is done in the rest of this paper. 

The spacetime metric associated with a linear gravitational wave is given by = r]^ + 
hp V (% a )i where (77^) = diag(— 1, 1, 1, 1) is the Minkowski metric tensor, x a = (ct,x,y,z) 
and h^ v is a sufficiently small perturbation subject to the gauge transformation 

hpu h— ^ hfu, + e^ j!y + e„ ^ (7) 

due to an infinitesimal transformation of inertial coordinates x M 1— »■ x M — The gauge- 
invariant field strength is given by the Riemann curvature tensor 

Rpvpcr ~^{hpcr,vp ^vp,pa ^va,pp h pp y uo) • (8) 
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In what follows, we will regard h^ u and R^ vpcj as fields defined in a global inertial frame 
in Minkowski spacetime. It proves useful to introduce the trace-reversed wave amplitude 
h^p = h^ v — \rj pv h, where h = rj^h^. Imposing the transverse gauge condition v = 0, 
the source-free gravitational field equation reduces to the wave equation Dh^ = in this 
case 0| . The remaining gauge freedom is usually restricted by introducing the transverse- 
traceless gauge in which the conditions h = and ho^ = are further imposed. 

It is well known that the treatment of gravitational waves outlined above, namely, the lin- 
ear approximation of general relativity for free gravitational fields on a Minkowski spacetime 
background admits of an alternative interpretation: It can be regarded as a Lorentz-invariant 
theory of a free linear massless spin-2 field in special relativity. This latter approach — to 
which the nonlocal theory of accelerated systems is directly applicable — is adopted 

in the rest of this paper. 

It is important to recognize that the nonlocal ansatz can be applied either to the gravita- 
tional field (R^vpa) or the gravitational wave potential (h^ or h^ v ) resulting in two distinct 
but closely related approaches. The situation here is completely analogous to the electromag- 
netic case [ll]]. For the sake of simplicity, we choose the latter alternative in what follows. 
The potential as measured by an arbitrary accelerated observer in Minkowski spacetime is 
given by 

= V*V> (9) 
where X fJ ' & is the orthonormal tetrad associated with the observer. Our nonlocal ansatz (JH) 
for the h^y then takes the Lorentz-invariant form 

H &$ (r) = h &0 (r) + f kj\r')h^(r')dr', (10) 

J TQ 

where H & s is the gravitational wave amplitude as measured by the accelerated observer. 

In general, the symmetric tensor h^ v (or h^ v ) has ten independent components. We 
arrange these in a column vector if) such that Eq. 0, or the analogous one for h^ v , can take 
the form of Eq. Q with a 10 x 10 matrix A. Specifically, tpA = ^a^Pb-, where indices A and 
B belong to the set {00, 01, 02, 03, 11, 12, 13, 22, 23, 33}. For the sake of definiteness, we will 
henceforth assume that ip represents h^ v . 

It is worthwhile to work out explicitly the nonlocal theory of linear gravitational waves 
for certain accelerated observers. Section Ull is devoted to uniformly rotating observers; then, 
the nonlocal results are employed in Section ITTT1 to re-examine the status of helicity-rotation 
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coupling for gravitational radiation. For a special class of uniformly rotating observers, the 
nonlocal gravitational wave equation is derived in Section Hvl Section El explores the case of 
translationally accelerated observers. The implications of the nonlocal treatment of linear 
gravitational waves via Einstein's principle of equivalence are discussed in Section ED Some 
of the computational details are relegated to the appendices. 



II. UNIFORMLY ROTATING OBSERVER 



Consider an observer that for t < moves uniformly in the (x, y) plane of an inertial 
system of coordinates such that x = r and y = rflt, where r and Q are positive constants. 
Suppose that at t = the observer begins to move on a circle of radius r with x = r cos 0, 
y = rsin0 and z = 0. Here = fit = jflr, where 7 is the observer's Lorentz factor that 
corresponds to (3 = rfl/c. For r > 0, the observer's orthonormal tetrad frame is given 
by 



A^q = 7(1, —(3 sin0, (3 cos (ft, 0), 
A M j = (0, cos0, sin0, 0), 

= 7(/?, - sin 0, cos 0,0), 
A". = (0,0,0,1). 



(11) 
(12) 

(13) 

(14) 



In this case, Eq. (JH} is written out in detail in AppendixEJand thereby A can be immediately 
constructed. The kernel k can then be determined using Eq. (P). The general case will not 
be treated here; instead, we focus attention on the simple case of the observer that is at 
rest at the spatial origin of coordinates and refers its measurements to uniformly rotating 
axes, i.e. r = 0, so that (3 = and 7 = 1 in Eqs. (fTTJ) and (fT3|) . In this case A has a block 
diagonal form, A = diag(l, R, 1, T, 1), where R is the 2x2 rotation matrix 



R(cf>) 



cos <p sm < 
— sin cos < 



(15) 
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and T is the 5x5 matrix 



cos 2 sin 20 
— h sin 20 cos 2(f> 



sin 
i sin 20 





sin 2 




cos 
sin 20 
— sin . 





cos 2 




sm< 


cos< 



(16) 



We note that det R = det T = 1 and 

i?- 1 (0) = R(-<f>), r~ 1 (0)=T(- 



(17) 



The kernel k can be easily determined in this case, since A -1 = 
diag(l, R(— 0), 1, T(— 0), 1). It then turns out that fc is a constant matrix (fc mj „), 
m,n — 1, . . . , 10, with nonzero elements given by 

(18) 
(19) 
(20) 

The kernel can be used to determine the nonlocal relationship, based on the ansatz ifTOjl. 
between the measured components of the gravitational potential, denoted by H & z, and the 
components h & that are obtained from the hypothesis of locality. The end result can be 
expressed as 



&2,3 


— ^6,8 


= &7,9 


= -n, 


&3,2 


= ^6,5 


= hj 


= n, 


— &5,6 


= ^8,6 


= 2VL. 





fy)3' "^33 ~~ ^33 > 



(21) 



H 6i + H 02 = hi + h 2 + Vt [ (/i 61 - h m )dr', 

Jo 

H oi ~ H d2 = h 6i ~ h d2 ~ ^ / (^oi + h^dr', 

Jo 



(22a) 
(22b) 



H i2 = h 2 + tt / (hn - h 22 )dr', 
Jo 

H ii - #22 = hi ~ h 22 - 4f2 / h i2 dr', 

Jo 



(23a) 
(23b) 

(23c) 
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H 13 + #23 = ^13 + h 23 + Q / Oi3 - hsW 



H 13 - H 23 = h 13 ~ h 23 ~ ^ / (^13 + hsW '■ 

JO 



(24a) 
(24b) 



These equations, combined with the results of Appendix |Aj can be employed to determine 
the nonlocal modifications of the helicity-rotation coupling for gravitational waves incident 
on the special rotating observer that occupies the origin of spatial coordinates. 

III. HELICITY-ROTATION COUPLING 

Consider the reception of a plane monochromatic gravitational wave of definite helicity 
incident along the z axis by the rotating observer that is fixed at the origin of spatial 
coordinates. In the transverse-traceless gauge, the wave amplitude is given by the real part 
of 

(h l3 )=A(e (B ±ie®y^- t+z l c \ (25) 

Here A is a constant amplitude, the upper (lower) sign corresponds to positive (negative) 
helicity radiation and the two independent linear polarization states [l| are given by 



(26) 



For wave functions, the complex representation is employed throughout as all operations 
involving gravitational waves are linear. Thus only the real parts of the relevant quantities 
are of physical interest. 

It follows from a detailed examination of the results of the previous section that in this 
case 



1 












1 








-1 







1 





























aj3 



(27) 



and 



H &B = F ± {r)h 



&0i 



(28) 
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where 

uj' = uj =)= 20, r = £ and z = 0. Equations Ij2~7j) - lj2nj) are simply the spin-2 analogues of the 
corresponding results that have been discussed in detail in nonlocal electrodynamics — cf. 
Eqs. (fT2|) - (|T7j) of 0|. Specifically, for the case of resonance involving an incident positive 
helicity wave of frequency uj t— > 20, we find that as uj' h- »■ 0, F + \— > f + = 1 — 2iOr; this 
linear divergence with time can be avoided with a finite incident wave packet. On the 
other hand, for an incident negative helicity wave of uj = 20, uj' = 40 and F_ becomes 
/_ = cos(20r) exp(2zOr). 

Another direct consequence of nonlocality, evident in the factor F±, is that the amplitude 
of a positive helicity gravitational wave of uj > 20 as measured by the rotating observer is 
enhanced by a factor of uj/{uj — 20), while that of a negative helicity wave is diminished by 
a factor ofu/(u + 20). 

The nonlocal aspects of linear gravitation developed here may be extended to an iner- 
tial observer in the gravitomagnetic field of a rotating mass via the gravitational Larmor 
theorem Moreover, it should be remarked that for Earth-based gravitational- wave an- 
tennas the effective rotation frequency is about 10~ 5 Hz. The nonlocal effects discussed here 
would then be ordinarily very small for incident high-frequency gravitational waves with 
Vt/uj « 1; in fact, nonlocality could only become significant near resonance. 

The results that have been obtained thus far for the rotating observer fixed at the origin 
of spatial coordinates may be simply extended to a whole class of such observers that are 
fixed in space and differ from each other only through their spatial positions. It turns out to 
be simpler to deal with this class of uniformly rotating observers than the class of observers 
whose tetrads are given by Eqs. (11)-(14). In the following section, we present the nonlocal 
gravitational field equation for the class of spatially fixed rotating observers. 



IV. NONLOCAL WAVE EQUATION 

Imagine observers that are always at rest in a global inertial frame and refer their mea- 
surements to the standard inertial axes for — oo < t < 0; for t > 0, however, they employ 
axes that rotate uniformly about the z axis with frequency O. Thus for t > 0, each such 
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observer carries a tetrad frame given by Eqs. (fll )) "(|T4 jl with (5 = and 7 = 1. The purpose 
of this section is to develop the Lorentz-invariant nonlocal gravitational wave equation for 
this special class of noninertial observers. 

It is a general consequence of Eq. ([TO that for r > r , 

Kp{r) = H a(3 {T) + f r a ^(r,T')H yS (T')dr', (30) 

n 

where r is a variant of the resolvent kernel and has been discussed in detail in [10]. It has 
been shown in Appendix C of [1q| that if k is a constant kernel, then r is constant as well 
and is given by 

f=-A- 1 (T )fcA(r ). (31) 

For the special class of rotating observers under consideration here, r = t, r = 0, k is a 
constant matrix and its nonzero elements are given in Eqs. (fT8f - ([20|) . Moreover, it is clear 
from Eqs. (fl~5|) - (fT6j) that A(0) is the identity matrix; hence, it follows from Eq. (|3TJ) that in 
this case 

r = -k. (32) 

Thus the explicit form of the ten independent equations contained in Eq. (|30|) may 
be obtained from Eqs. (|2T| - (|24bJ) by making the formal replacement (H & s, h & z,$Y) h- > 
(h a p,H a p, —Q). It is interesting to note that the form of Eqs. (|2*T|) - (|24bj) remains the same 
if all of the indices are raised; the same is true for the explicit form of Eq. ([3T)|) in the case 
under consideration here. 

To express Eq. (|30|) for the special class of rotating observers, it proves convenient to 
write 

h al3 (t, x) = H a ?(t, x) + f aP l8 [ H^(t\ x)dt' (33) 

Jo 

for t > 0, since the observers are fixed in space. Here the components of f are all constants 
proportional to fl The substitution of h a/3 (t,x.) in the equations that it satisfies would 
then result, via Eq. (|33|) . in the corresponding equations for the nonlocal wave amplitude 
# Q/3 (t,x). 

The wave function h a/3 (t, x) is subject to the gauge condition 

Uafi _ l^pA = q (3 4 ) 
V 2 A/3 

and satisfies the wave equation 

Uh aP = 0, (35) 
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which follows from Oh a /3 = 0. Thus for t > 0, H a/3 is subject to the gauge condition 

(h<*P + r a ^ 5 jf W\t', x)df ) = \^H tP , (36) 

where H = r] a/3 H al3 and it turns out that H = h in this case. Moreover, if a/3 satisfies the 
nonlocal wave equation 

UH aP = r a ^ s (J^H"< S - A J H^ 5 {t', x)d^ (37) 

for t > 0. 

The measurements of a class of linearly accelerated observers are considered in the next 
section. In particular, we will rule out the possibility of existence of a direct nonlocal 
coupling between the helicity of gravitational radiation and linear acceleration. 



V. LINEARLY ACCELERATED OBSERVERS 



Consider the class of observers at rest in the background global inertial system for — oo < 
t < 0. At t — 0, the observers accelerate from rest with acceleration g(r) > along the z 
axis. Here r is the proper time and r = at t = 0. For r > 0, the orthonormal tetrad frame 
of the observers is given by 

\» 6 = (C,0,0,S), A^ = (0,1,0,0), (38) 

A^ = (0,0,1,0), X^ = (S,0,0,C), (39) 

where C = cosh#, S = sinh# and 

9=- [ T g(T')dT>. (40) 
c Jo 

It follows from Eq. that the wave amplitude, as measured by the momentarily comov- 
ing observers, is given by 

h n = h n , = h 12 , h 22 = h 22 , (41) 



^66 - h 33 = h oo - h 3 3, (42a) 
7^65 + hs) = \(hoo + hs) cosh 29 + h 03 sinh 29, (42b) 
^63 = ^03 cosh 29 + -(hoo + ^33) sinh 29, (42c) 
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~ h i3 = ( h oi ~ h i3)e e , (43a) 
h di + h is = ( h oi + Me*, (43b) 



K2 - h 2 3 = ( h o2 - h 23 )e e , (44a) 
hi + h 3 = (h 2 + h 23 )e e . (44b) 

The details of the calculation of the kernel are presented in Appendix [Bj We find, based 
on Eq. (fT0| . that the components of the wave amplitude as measured by a linearly accelerated 
observer are given by 

Hn = lift, #12 = h'u, #22 = ^22 > ( 45 ) 



#66 - #33 = ^66 - h 3 , ( 46a ) 

4 f T 

#66 + #33 = ^66 + - - / gh m dr', (46b) 

c Jo 

#63 = h® - - I g{h m + h^)dr' (46c) 
c Jo 

#61 - #13 = hi ~h V3 + - [ g(h 6i - h^dr', (47a) 

c Jo 

#6i + #i3 = Ki + h V3 - - I g{h 6i + h^dr', (47b) 

c Jo 

#62 - #23 = ^62 + - / ^(^62 ~ h%)dr' , (48a) 

c Jo 

#62 + #23 = ^62 + ^23 - - / ^(^62 + h^dr' . (48b) 

c Jo 

An immediate consequence of these equations may be noted: For an incident gravitational 
wave of definite helicity l|2HJ) propagating along the direction of motion of the observer, 
#ij = hij, as follows immediately from Eqs. (j4*TJ) and P5|) . Thus there is no coupling of 
the observer's acceleration with the helicity of the incident gravitational radiation. This is 
a generalization of previous results |s| to nonlocal gravitation. 
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An important consequence of the results of this section should be noted: The general char- 
acter of the nonlocal relations for observers that are linearly accelerated in the z direction 
makes it possible in this case to develop the nonlocal wave equation for linear gravitational 
waves following the same steps as in [lO] for nonlocal Maxwell's equations. Einstein's heuris- 
tic principle of equivalence may then be employed to argue intuitively that nonlocality should 
extend to purely gravitational situations as well resulting in nonlocal as well as nonlinear 
gravitational field equations. 



VI. DISCUSSION 



There is only indirect evidence at present, based on the orbital decay of certain binary 
pulsars, for the existence of gravitational waves. Assuming that gravitation involves a basic 
radiation field, the nonlocal theory of accelerated observers has been extended in this paper 
to include linear gravitational waves. Following the approach presented in [l^ for electrody- 
namics, it is in principle possible to develop nonlocal field equations for linear gravitational 
waves in Minkowski spacetime. This has been done in the present paper for a rather simple 
class of uniformly rotating observers. Invoking Einstein's principle of equivalence, the results 
of this paper may be considered to be a step in the direction of a nonlocal classical theory 
of gravitation. 
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APPENDIX A 



For a general uniformly rotating observer considered in Section [nj Eq. may be written 
out in component form as follows: 

^66 = 7 2 [^oo + /?(— sin0 ft-oi + cos0 ft 02 ) + /? 2 (sin 2 h u - sin 20 ft 12 + cos 2 ft 22 )], (Al) 



ft 61 = 7 
/>02 = 7 2 /? 



cos0 ftoi + sin /i 2 + 2^^ — sin 20 h\\ + 2 cos 20 fti 2 + sin 20 ft 22 ) 







^03 = 7 [^03 + P{— sin /li3 + COS ft, 



23jJ, 



ftjj = cos 2 /in + sin 20 ft 12 + sin 2 ft 



22- 



ft 



12 = 7 



/?(cos ftoi + sin ft 2) + - (— sin 20 ftn + 2 cos 20 fti 2 + sin 20 ft 22 ) 



ftj3 = COS0 fti 3 + sin0 ft 2 3, 

ft-22 = 7 2 [/^ 2 ft-oo + 2/3(— sin0 ft i + cos0 ft 02 ) + sin 2 ft n — sin 20 ft 12 + cos 2 ft 
hs, = l(f3h 3 - sin0 ft 13 + cos0 ft 23 ), 

ft 3 3 = ^33- 



(A2) 



ft o + ( -5 + I ( — sin ft i + cos ft.02) + sin 2 ft n — sin 20 fti 2 + cos 2 ft 



22 



(A3) 
(A4) 
(A5) 

(A6) 

(A7) 
(A8) 
(A9) 
(A10) 



These equations are equally valid for uniformly rotating observers at any fixed value of the 
vertical coordinate z. 

For the incident radiation field (|2*51) as measured by rotating observers at z, Eqs. 1JA1J1 - 
(fATol) imply that 



(h 



a/3 J 



A 



-/3 2 7 2 ±i/3 7 -/?7 2 

±i(3~f 1 ±27 

-/?7 2 ±Z7 -7 2 





e ±2j0 e io;(-t+ 2 /c) 



(AH) 



where the temporal dependence is of the form exp(— iu'r) with u' given by Eq. JTJ). Equa- 
tion (IA11I) should be compared and contrasted with the measured components of the Rie- 
mann tensor in this case given by Eqs. (2.10) and (2.11) of [l|. Moreover, we note that for 
the special rotating observer with (5 — and 7 = 1, Eq. (|A11|) simply reduces to Eq. ijTTjl . 
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APPENDIX B 

The purpose of this appendix is to compute A -1 and the kernel k for the linearly accel- 
erated observers of Section EJ Inspection of A reveals that the entries in its fifth and sixth 
rows and columns vanish except for the diagonal elements that both equal unity. Let the 
8x8 matrix A be the reduced form of A in which the fifth and sixth rows and columns have 
been ignored; then, 

M N 



k{9) 



P Q 



(Bl) 



where 



M 



P = S 



c 2 





2CS 





c 














c 





cs 





c 2 


+ s 2 


' 


1 
























1 




s 





2C 





N = S 



5 
10 
10 

oooc 



(B2) 



Q = diag(C, 1, C, C 2 



(B3) 



Here, as before, C = cosh 9 and S = sinh^. We note that detM = detQ = C 4 and 
det iV = det P = 0. It can be shown that 



~A-\6) 



U V 
X Y 



(B4) 



where 



U= (M - NQ- l P)-\ 
X = -Q^PU, 



V = -M- X NY, 

Y = (Q- PM^N)- 1 . 



(B5) 
(B6) 



From 



m- 1 = -4 



1 

C 2 



C 2 + S 2 -2CS 

coo 

C 
-CS c 2 



(B7) 
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and the explicit evaluation of the matrices in Eqs. (|B5J) and ()B6jl . one finds the simple 
relation 

A- 1 ^) = A(-0). (B8) 

The same relation holds for A, i.e. A -1 has the same form as A but with (C, S) i— > (C, —S). 
Moreover, the nonzero elements of k in this case turn out to be 

2 

h t 4 = fcio,4 = ~~9( T ), (B9) 
faj = k 3 <j = fc 4>1 = fc 4jl0 = k 7 ,2 = k 9y3 = —g{r). (BIO) 
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